INTRODUCTION
The use of nucleoside analogs is a major strategy in the treatment of viral infections. The key mechanism by which these substances interfere with virus replication appears to be by inducing premature chain termination; it is still unclear, however, if this is the exclusive antiviral effect and how different side effects observed both in vitro and in patients treated with these drugs can be explained. The side effects consist mainly of cleotide block and to a change in the kinetics of the current expressed in oocytes (1) . In NIH 3T3 fibroblasts, the swelling-induced chloride current (ICl) can similarly be blocked by cAMP, cGMP, or ATP. This endogenous current can be significantly reduced by antisense oligonucleotides against IC'n, indicating that ICmn is the prevalent protein involved in Ici (5) . The aim of the present study was to investigate the effect of antiviral drugs from the nucleoside analog family on Icl.
We show here that nucleoside analogs selectively block Ic, and the regulatory volume decrease (RVD) at concentrations one to two orders of magnitude lower than nucleotides, thus interfering with a vital cell regulatory mechanism at concentrations present in the plasma of patients treated with these drugs.
MATERIAL AND METHODS

Electrophysiology and Cell Culture
The whole-cell voltage clamp method (6) was chosen to measure swelling-induced chloride currents in isolated NIH 3T3 fibroblasts, colon carcinoma (CaCo) cells, and H9 cells, a human T cell lymphoma cell line (ATCC HTB 176). Fibroblasts and CaCo cells were grown on glass cover slips in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 4 mM glutamine, 100 IU/ml penicillin, 100 jig/ml streptomycin at 37°C, 5% CO2, 95% air, and measured hr after splitting. H9 cells were grown in suspension in RPMI-1640 medium supplemented with 10% fetal calf serum, 2 mM glutamine, 100 IU/ml penicillin, 100 jig/ml streptomycin at 37°C, 5% CO2, 95% air. For electrical measurements in H9 cells, glass cover slips were coated with a 0.25% collagen solution (type I). All experiments were carried out at room temperature (20-22°C) . Bath and pipette solutions were chosen to enable chloride current measurements. The isotonic extracellular solution used was composed of (in mM): NaCl 125, CaCl2 2.5, MgCl2 2.5, N-2-hydroxyethylpiperazine-N' -2-ethanesulfonic acid (HEPES) 10, mannitol 50, pH 7.2 (adjusted with NaOH). Mannitol was omitted to reduce extracellular osmolarity. One to two minutes after confirming whole-cell configuration, hypotonic conditions were established and the activated outwardly rectifying chloride current measured. Fast Fig. Id) , the hypotonic extracellular fluid was changed to a solution containing 150 mM KSCN. The decrease of fluorescence is proportional to chloride permeability (Pcl) since SCN-is able to quench MEQ (6-methoxy-N-ethylquinolinium iodide) fluorescence more effectively than chloride (7), ICin is more permeable for SCN-than for chloride (8) , and Ic, is reduced by only .404% within the first 180 sec after restoring normal osmolarity. Fluorescence measurements were made under an inverted microscope equipped for epifluorescence and photometry. Light from a xenon arc lamp was directed through a grey filter (nominal transmission 0.3%) and a 340 ± 10 nm interference filter, deflected by a dichroic mirror and directed through the objective. The emitted light was directed through a 420 nm cutoff filter to a cooled photomultiplier tube for photon counting (9) . For loading the cells with MEQ it is essential to convert MEQ to diH-MEQ (6- 
RESULTS
The Swelling-Induced Chloride Current Can Be Blocked by Nucleoside Analogs Such as AZT or Acyclovir A chloride current of +97.7 ± 11 pA (+40 mV; n = 44) can be measured in NIH 3T3 fibroblasts (passages 60-100) under isotonic conditions. Reducing extracellular osmolarity (omitting 50 mM mannitol) leads to a marked increase in the current to + 1473.6 ± 104 pA (n = 44). As shown in Fig. 1 , the thymidine nucleoside analog 3'-azido-3'-deoxythymidine (AZT) blocks the swellinginduced chloride current (Icl) at a half maximal concentration (IC50) of -'20 ,uM ( Fig. 1 a and b) , with the block being equally effective on both current directions (Fig. lc) 3-4 min after adding the drug to the extracellular solution.
In addition to the electrophysiological measurements, the effect of AZT on chloride transport is also demonstrated using a fluorescence optical technique. As (Fig. 2b ).
The Nucleoside Block Can Be Influenced by the Addition of TDP and Uridine In contrast to AZT, the nucleotide thymidine-5'-diphosphate (TDP) is not able to block Ici at concentrations up to 0.1 mM (Fig. 3a) . In the presence of 0.1 mM TDP, the addition of 0.1 mM AZT has only a minute blocking effect (Fig. 3b) . After washing out TDP and AZT, however, the renewed addition of 0.1 mM AZT alone dramatically reduces Ici (Fig. 3b) Fig. 4d . Two to three minutes after the addition of the mixture, a cAMP-stimulated chloride current is elicited in these cells. The cAMP-dependent chloride current cannot be changed significantly by the addition of 100 ,uM AZT. Replacing AZT with 0.5 mM NPPB, a known blocker of chloride currents (14) , however, dramatically reduces the current to similar values to those prior to stimulation (Fig. 4d) Fig. 5 ), the cytoplas- (Fig. 3a) . It is, however, important that TDP is able to competitively inhibit the blocking effect of AZT on Ic. As shown in Fig. 3b , the addition of 100 ,uM TDP does not impair the swelling-I I I induced chloride current. In the presence of TDP, addition of AZT to the extracellular fluid has virtually no effect. However, after washing out both substances and adding 100 ,uM AZT, Ici is substantially reduced (Fig. 3b) . Similar results can be obtained for uridine and acyclovir in NIH 3T3 fibroblasts. It has been shown that the nucleoside uridine is able to reduce the cytotoxic effect of AZT in human bone marrow progenitor cells (27) , as well as the neurotoxic effect of the nucleotide ddC (2', 3' -dideoxycytidine) (28 (Fig. 5) , is not reduced when compared with that of cells infected with virus alone (Fig. 6) . A direct influence of blocking RVD on virus replication by reducing viability of infected cells can be ruled out. It remains, however, to be tested if and how swelling itself affects virus replication. Such an effect could be mediated by a change in the "internal milieu" observed after cell swelling. Intracellular ions like potassium and chloride, and the intracellular pH, are reduced under this condition (29, 30) . In addition, the intracellular bioactive calcium concentration (Ref. 31 and our own unpublished results) is increased in swollen cells, changing different biochemical pathways (32, 33) . Additional experiments need to be done to determine if cell swelling could lead to a modulation of the specific sensitivity of different viruses for certain antiviral drugs.
In conclusion, our experiments show a novel molecular mechanism by which antiviral drugs of the nucleoside analog family could lead to impairments of the kidney, bone marrow, gastrointestinal, and neuronal functions, and how these side effects could possibly be restricted by the presence of TDP or uridine as competitive inhibitors for ICI blockage.
